ABSTRACT: Adhesive mussel foot proteins (Mfps) rely in part on DOPA (3,4-dihydroxyphenyl-L-alanine) side chains to mediate attachment to mineral surfaces underwater. Oxidation of DOPA to Dopaquinone (Q) effectively abolishes the adsorption of Mfps to these surfaces. The thiol-rich mussel foot protein-6 (Mfp-6) rescues adhesion compromised by adventitious DOPA oxidation by reducing Q back to DOPA. The redox chemistry and kinetics of foot-extracted Mfp-6 were investigated by using a nonspecific chromogenic probe to equilibrate with the redox pool. Footextracted Mfp-6 has a reducing capacity of ∼17 e − per protein; half of this comes from the cysteine residues, whereas the other half comes from other constituents, probably a cohort of four or five nonadhesive, redox-active DOPA residues in Mfp-6 with an anodic peak potential ∼500 mV lower than that for oxidation of cysteine to cystine. At higher pH, DOPA redox reversibility is lost possibly due to Q scavenging by Cys thiolates. Analysis by one-and two-dimensional proton nuclear magnetic resonance identified a pronounced β-sheet structure with a hydrophobic core in foot-extracted Mfp-6 protein. The structure endows redox-active side chains in Mfp-6, i.e., cysteine and DOPA, with significant reducing power over a broad pH range, and this power is measurably diminished in recombinant 
A defining adaptation in the evolution of living organisms has been the formation and redox regulation of subcellular compartments. Distinct redox compartments are known to allow aerobic respiration, signaling, and protein disulfide bond formation. 1, 2 Redox is also regulated outside cells. The onceprevailing view of the extracellular environment as oxidizing and beyond redox control is no longer tenable. Cells and tissues harness their internal redox poise to regulate exterior microenvironments. 3, 4 The regulation of redox in the adhesive holdfast or byssus by marine mussels is an exotic and fascinating case in point of extracellular redox. The byssus is essentially a bundle of extraorganismic mini-tendons each tipped with a distal adhesive plaque. Before the formation of each plaque by the foot, a peripherally sealed contact zone between the foot and rock surface is filled with a reducing solution of cysteine-containing and 3,4-dihydroxyphenylalanine (DOPA)-containing proteins ( Figure 1A) . 5, 6 The DOPA-rich (20−30 mol % DOPA) mussel foot proteins in Mytilus californianus are known as Mfp-3f and Mfp-5 and provide adhesion that depends critically on the reduced form of DOPA. 7, 8 Although DOPA-mediated wet adhesion is strong and versatile on different surfaces, it is also vulnerable to DOPA's tendency to autoxidize at the pH of seawater. 8 Mussels significantly reduce the risk of interfacial DOPA oxidation by imposing an acidic pH and strongly reducing environment during secretion. 9, 10 The reducing environment is provided by Mfp-6, a small (11.6 kDa) basic protein, with high cysteine (11 residues, only two of which are disulfide-linked) and a somewhat lower DOPA (4 or 5 residues) content 11 ( Figure 1B ). Previous studies with the surface forces apparatus determined that adhesion of Mfp-3f to mica depends strongly on pH, decreasing exponentially with an increase in pH. Adhesion loss was attributed to the O 2 -dependent oxidation of DOPA (QH 2 ) to Dopaquinone (Q), which cannot H-bond to mica. 5, 8 Adhesion by Mfp-3f was rescued by adding Mfp-6 that restored DOPA, 5 apparently driven by the reducing power of Cys in Mfp-6 according to the following two favorable half-reactions under standard conditions (1 M, pH 7, 25°C, 1 atm):
(1)
2Cys SH Cys S S Cys 2e 2H
(2) + -→ ---+ net: Q 2Cys SH Cys S S Cys QH 2
This study investigates the following specific properties of Mfp-6: (a) reducing capacity, (b) pH dependence of redox, (c) structure dependence of redox, and (d) identification of reducing residues. To measure redox activity, we used a chromogenic redox sensor 1,1-diphenyl-2-picryl-hydrazyl (DPPH), 12 a widely used nonspecific oxidant, to quantify the overall pool of reducing residues in Mfp-6.
Our findings suggest that each molecule of Mfp-6 has an average reducing capacity of 17 e − , which come from nine thiolate Cys residues and approximately four or five DOPAs. Reducing capacity is little affected by pH, but the reduction rate is strongly pH-dependent. Both foot-extracted and recombinant Mfp-6 have reducing activity, but the reducing capacity of footextracted Mfp-6 is greater.
■ EXPERIMENTAL PROCEDURES Chemicals. 2,2-Diphenyl-1-picryl hydrazyl radical (DPPH • ), spectrophotometric grade methanol (≥99.9%), and the nonionic detergent Triton X-100 were purchased from Fisher Scientific (Pittsburgh, PA). Citric acid monohydrate (>99% purity) and sodium phosphate monobasic (>98% purity) were purchased from EMD Millipore (San Diego, CA). Acetic acid-d 4 (99.5 atom % D), deuterium oxide (99.9 atom % D), and formic acid (∼98%) were purchased from Sigma-Aldrich (St. Louis, MO). Doubly distilled water was used throughout the experiments.
Purification of Mfp-6 from Mussel Foot Tissue. Protein isolation was performed as described previously, 11 but important steps and quality controls are detailed in the Supporting Information (Figure S1A−E). Briefly, feet from approximately 80−100 mussels were cut at the proximal end and directly transferred to ice. Dissected phenol glands were cut into small pieces, weighed (typically approximately 6−8 g), and then suspended in 10 mL of ice-cold 5% acetic acid buffer per gram of phenol glands, supplemented with protease inhibitors (10 μM leupeptin and pepstatin and 1 mM EDTA). The glands were thoroughly homogenized on ice using a tissue grinder and then centrifuged for 40 min at 20000g and 4°C. The resulting supernatant (S1) was then acidified using perchloric acid to a final concentration of 1.5% (v/v). After centrifugation for 40 min at 20000g and 4°C, ammonium sulfate was slowly added to the supernatant (S2) to a final concentration of 20% (w/v). The mixture was stirred on ice for an additional 20 min and then centrifuged for 40 min at 20000g and 4°C. The resulting supernatant (S3) was dialyzed [molecular weight cutoff (MWCO) of 1000, Spectrum Industries, Los Angeles, CA] overnight at 4°C in 1% (v/v) acetic acid at a volume ratio of 1:2000. The recovered dialysate was freeze-dried and reconstituted in 2 mL of 5% acetic acid prior to being subjected to Shodex 802.5 gel filtration (Showa Denko America). A final purification was performed using reversephase C8 RP-300 chromatography (Applied Biosystems, San Jose, CA) and a linear gradient of aqueous acetonitrile acidified with 0.1% (v/v) trifluoroacetic acid ( Figure S1B ). All solvents were degassed before use. Amino acid analysis of Mfp-6 was performed on a ninhydrin-based autoanalyzer (Hitachi L-8900) on which disulfide cystine has an elution time of 27 min.
Modified DPPH Assay. We used a modified DPPH assay as described elsewhere. 13 The proposed one-electron oxidation of Cys by DPPH to form cystine is shown in reactions 3 and 4:
10,14
Consequently, the reducing power (i.e., antioxidant activity) of the cysteine thiols and thiolates in Mfp-6 can be monitored by the reduction of the DPPH
• to DPPH-H. Briefly, 1.5 μg of purified Mfp-6 in a 5% acetic acid solution was freeze-dried and dissolved in a final volume of 50 μL of assay buffer, which, when added to the 1 mL final assay volume, corresponds to 2.5 μM Mfp-6. The reaction was started by the addition of 50 μL of a freshly prepared 2 mM DPPH solution (in 100% methanol) to a final volume of 1 mL of citrate/phosphate buffer to reach a final concentration of 100 μM DPPH in the reaction tube. Upon addition of DPPH, the solution was gently mixed by pipetting 3−5 times and adventitious Mfp-6 precipitation at the end of the reaction was removed by centrifugation for 1 min at 17000g prior to measurement. For time-course experiments at different buffer pHs, the absorbance at 515 nm (ε = 15000 M −1 cm −1 in methanol) was monitored at 2 min (right after mixing) and at 5, 10, 15, 30, 45, and 60 min. For the half-maximal effective concentration (EC 50 ) studies, we used Mfp-6 protein concentrations of 2.5, 5, 10, 15, and 20 μM. The absorbance of DPPH without additions in the optimized buffer system was stable for at least 60 min. If not otherwise specified, each plotted datum represents the mean of three independent measurements. Where necessary, the buffer pH was readjusted using glacial acetic acid (17.4 N) or a sodium hydroxide solution (10 N) purchased from Fisher Scientific and followed with a digital pH meter. The antioxidant efficiency at a given buffer pH and time was determined by plotting the DPPH absorbance reduction as a percent of the appropriate control. This was necessary, as DPPH extinction coefficients are pHdependent, and thus, the control absorbance of 100 μM DPPH had different maxima. 13 Bleaching rate V b and percentage of remaining DPPH radical at infinite time F i were calculated according to the method described in ref 15 . Experimentally determined reduction of DPPH radical as a function of the number of moles of Mfp-6 per mole of DPPH radical was also determined at defined time points. EC 50 values were calculated from the fitted curves following a first-order
where A 1 and A 2 are the amplitudes and t 1 and t 2 the decay constants for the slow and fast decay, respectively. The offset y 0 accounts for the unreacted DPPH at the end of the reaction (i.e., at "infinite" time). Antiradical power ARP (=1/EC 50 ), stoichiometric value n (=2 × EC 50 ), and the number of reduced DPPH molecules per target antioxidant molecule (=1/EC 100 ) were calculated according to the method described in ref 16 . At pH 7, there is a linear relationship between ARP with respect to DPPH and the oxidation potential of various redox-active compounds up to a limiting oxidation potential of 0.56 V relative to Ag/AgCl. 17 Alkylation of Cysteine Residues in Mfp-6. Modification of foot-extracted Mfp-6 thiol groups was performed at low pH in the absence of denaturing agents (i.e., urea and guanidine hydrochloride). Briefly, ∼30 μg of purified Mfp-6 protein was reconstituted in 0.1% formic acid (pH ∼3) supplemented with 1 mM iodoacetamide (IAM) following incubation for 30 min at room temperature (RT). Unreacted IAM was removed by dialysis (MWCO of 1000, Spectrum Industries) for 2 h at RT in 0.1% (v/v) formic acid at a volume ratio of 1:4000. The recovered dialysate was freeze-dried and reconstituted in 0.1% formic acid prior to ESI Q-TOF2 mass spectrometry.
ESI Q-TOF2 Mass Spectrometry. ESI Q-TOF MS measurements were performed with a Micromass Q-TOF2 quadrupole/time-of-flight tandem mass spectrometer coupled to an Agilent 1100 Nano LC system, or to a homemade syringe pump with a 250 μL gastight Hamilton syringe for sample injection. The ESI Q-TOF2 mass spectrometer was operated at a capillary voltage of 3.5 kV and a cone voltage of 45 V with a desolvation temperature of 100°C and a source temperature of 80°C. The mass spectrometer was operated in the positive ion mode. The standard electrospray ion (ESI) source was used to generate the ions. The ESI Q-TOF2 MS instrument was calibrated in the range of m/z 100−2000 using an internal calibration standard (sodium iodide). Protein samples were prepared at a concentration of 10 μg/mL and injected at a constant flow rate (5 μL/min). The solvent was 0.1% (v/v) formic acid (pH 3), and there was no salt addition prior to analysis. Data were processed via MassLynx Data Analysis version 4.1.
Cyclic Voltammetry. Cyclic voltammetry (CV) was performed using a CIH 660D electrochemical workstation (CH Instruments Inc., Austin, TX). These analyses were conducted using a three-electrode cell with a platinum wire as the counter electrode, a glassy carbon working electrode, and a Ag/AgCl reference electrode calibrated with a 5 mM solution of the ferrocene/ferrocenium (Fc/Fc + ) redox couple as an external standard in 0. 19 techniques. NMR data were processed and analyzed with instrument software and the nmrPipe package. 20 Nuclear Overhauser effect spectroscopy (NOESY) was performed with a mixing time of 150 or 180 ms. Quality controls applied to purified Mfp-6 prior to NMR analysis were (1) homogeneity determiined by SDS−PAGE, (2) mass homogeneity determined by MALDI-TOF mass spectrometry after multiple charge deconvolution ( Figure  S1D ), and (3) no more than one disulfide bond determined by amino acid analysis.
■ RESULTS pH-Dependent Antioxidant Activity of Mfp-6. The five variants of Mfp-6 annotated to date are >95% identical and represent small (11.6 kDa) basic proteins that are ∼100 amino acids long. Two amino acids, cysteine and DOPA, are present in all variants and prone to oxidation and, hence, are good candidates as reducing residues ( Figure 1B) . Here, we used the free radical scavenger DPPH to equilibrate with the pool of reducing amino acids in a purified variant of foot-extracted and recombinant Mfp-6, and the kinetics of antioxidant equilibration were measured at three different pHs (3, 5, and 7.5) by following the decrease in the absorbance of the DPPH radical over a 60 min reaction time ( Figure 2A) ; i.e., the purple color of DPPH is bleached upon reduction. These time-lapse experiments were performed with excess DPPH radical at a 1:40 (Mfp-6:DPPH) molar ratio.
Expected results were (a) that DPPH reduction would plateau at some level that was proportional to the Mfp-6 concentration, (b) that the asymptotic Mfp-6 concentration was correlated with the content of redox-active amino acids, and (c) that the rate of DPPH reduction might reveal different populations or chemistries of redox-active amino acids in Mfp-6. The kinetics for 100 μM DPPH reduction after adding 2.5 μM Mfp-6 at different pH values showed that at pH 3 and 5 the DPPH radical concentration followed a slow and continuous decay for up to 60 min. At pH 7.5, a fast initial decay occurred within the first 5 min, followed by an asymptotic DPPH radical concentration up to 60 min. The rate of DPPH reduction and, to some extent, the reductive capacity of the foot-extracted Mfp-6 protein were clearly pH-dependent (Figure 2A) . Although Mfp-6 remained strongly reducing under all tested conditions, the fastest reaction kinetics of foot-extracted Mfp-6 with the DPPH radical occurred at pH 7.5 ( Figure 2A ). This pattern of increased reaction rates with increasing pH was also observed for the recombinant Mfp-6 protein ( Figure S3A,B) . However, at pH 7.5, the fast initial decay and the overall reduction capacity of recombinant protein lacking DOPA were Specific Reducing Activity of Mfp-6 at Low pH. Because of Mfp-6's tendency to precipitate between pH 5 and 7.5, we determined the specific reducing capacity at pH 3. This is biologically relevant as the pH at which the mussel deposits adhesive proteins is between 2.5 and 3.5. 9 For the purposes of the assay, DPPH concentrations were held constant (100 μM), and the decrease in absorption at 515 nm was followed over time at increasing Mfp-6 concentrations. As Mfp-6 concentrations increase, the reaction curve shows a continuous decay with a steady increase in the bleaching rate ( Figure 2B, Figure S4A , and Table S1 ). Notably, the fastest reaction rate with the DPPH radical was observed at the lowest concentration of Mfp-6 (Table S1 ). Extrapolating this reaction process to "infinite time" as defined previously 15 and plotting the percentage of remaining DPPH radical at infinite time (F i ) reveal an end point phase at a molar ratio of 17 DPPHs reduced/mol of Mfp-6 ( Figure 2C and Table S1 ). Recalling that Mfp-6 contains nine Cys thiols with the remaining two Cys residues coupled as a disulfide, 11 we speculated that Mfp-6-mediated DPPH reduction at pH 3 might be abolished by blocking all Cys residues in foot-extracted Mfp-6. Both the reducing capacity and alkylation of cysteine are known to depend on the presence of thiolate anions, which with a typical cysteinyl thiol pK a of 8−9 are not expected to be abundant at pH 3. By combining amidomethylation [iodoacetamide (IAM)] of foot-extracted Mfp-6 with ESI Q-TOF2 mass spectrometry at pH 3, we found a +57 Da m/z shift for nine distinct peaks was evident in the mass spectra, indicating that all nine Cys thiols in Mfp-6 are reactive (ionized) at pH 3, though to varying degrees ( Figure 3A and Figure S4 ). The time course of DPPH radical reduction with amidomethylated Mfp-6 is diminished by ∼50% compared with that of the untreated Mfp-6 sample ( Figure 3B ). Because the alkylation of Mfp-6 was incomplete at pH 3, precise apportioning of the remaining redox activity to unblocked Cys, other redox-active residues, or both is precluded.
An alternative hypothesis that the redox contribution of nonthiolate side chains to DPPH reduction might be assessed by using recombinant Mfp-6, which does not contain DOPA, was also tested. Notably, the analogous reaction kinetics of reduction of DPPH with rMfp-6 at pH 3 could not be saturated down to a molar ratio of 3.8, despite having the same amount of cysteine (Figure S3B−D and Table S1 ). This decreased reactivity of rMfp-6 toward the DPPH radical is also reflected in the slower reaction rates for all five tested concentrations as compared with that of the foot-extracted protein (Table S1 ). Possible reasons for the lower reactivity of thiol groups in rMfp-6 are (i) that foot-extracted Mfp-6 depends on a higher-order protein structure to decrease the thiol pK a (Table S1 and below) and/or (ii) that Mfp-6 depends on a dynamic redox interplay between both thiols and DOPA.
In summary, the DPPH results lead to the following interpretations: (a) The rate of DPPH reduction by Mfp-6 is pH-dependent and faster when using foot-extracted, DOPAcontaining Mfp-6 than with the recombinant form. Other Redox Functionalities in Foot-Extracted Mfp-6. To investigate reducing modalities other than Cys in footextracted Mfp-6, we used cyclic voltammetry at three different pHs (Figure 4) . The electrochemical behavior of thiols on glassy carbon electrodes is typically poorly defined due to slow heterogeneous electron transfer. 21, 22 At pH 3, a reversible redox couple was observed with a formal potential E 1/2 of 394 mV and ΔE p = E pa − E pc = 451 mV − 337 mV = 114 mV (or 57 mV × 2 for a two-electron redox half-reaction). There is also a second less defined oxidation with an E pc of 926 mV. At pH 5, the estimated E 1/2 for Mfp-6 is 242 mV and shows a similar two-electron redox reaction (ΔE p = E pa − E pc = 299 mV − 185 mV = 114 mV = 57 mV × 2), followed by a second oxidation peak at an E pc of 780 mV. At pH 7.5, the estimated E 1/2 for Mfp-6 is 141 mV, again involving a two-electron redox reaction (ΔE p = E pa − E pc = 202 mV − 88 mV = 114 mV = 57 mV × 2). In addition, the second, irreversible oxidation peak is visible with an E pc of 720 mV. The reversible redox couple (denoted as I in Figure 4) is consistent with the DOPA → Dopaquinone conversion as has been determined for Mfp-3 in ref 8 and for free L-DOPA in refs 23 and 24. The indistinct oxidation peak at a high positive potential (denoted as II) resembles the reported oxidation of free cysteine at a comparable pH. 21 As expected, both redox peak potentials shifted negatively with the increase in solution pH, indicating that protons are involved in the reaction. In addition, with an increase in pH, the peak current of redox couple I decreased and effectively disappeared at pH 7.5. This would be expected as the pH approaches and exceeds the thiol pK a , as cysteine reacts readily with quinones to form cysteinyl-DOPA adducts with oxidation potentials that are lower than that of DOPA but retain strong reducing activity. 25, 26 Mfp-6 Exhibits Defined Secondary and Tertiary Structure Elements. The overall structure of Mfp-6 was investigated by solution NMR spectroscopy for possible insights about structure-dependent redox activity. Footextracted Mfp-6 variants isolated from mussels are not ideal for detailed structure determination because they include subtle sequence differences and variable post-translational conversion of Tyr and Ser to DOPA and pSer, respectively.
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Notwithstanding these limitations, foot-extracted and recombinant Mfp-6 were purified and shown to be essentially homogeneous and free of contaminants by SDS−PAGE and MALDI mass spectrometry ( Figure S1 ). The search for secondary structure in Mfp-6 was first conducted by circular dichroism spectrophotometry in the far-ultraviolet region ( Figure S5 ). The spectra revealed similar maximal and minimal ellipticities in both the foot-extracted and recombinant proteins, with a particularly strong positive ellipticity at 230 nm, typically attributed to aromatic excitation energy transfers 27 and consistent with 20 Tyr residues per Mfp-6. One suggestion of enhanced β-structure in foot-extracted Mfp-6 is the much less negative ellipticity at 200 nm compared with that of recombinant Mfp-6 ( Figure S6A) 29 Such extensive NOE cross peaks, which only occur when protons are within 5 Å of one another, indicate packing of the protein chain into a compact defined footextracted fold with a hydrophobic core. An upper field shift of methyl protons often indicates packing of the methyl groups near aromatic groups, leading to a localized change in chemical shielding from the aromatic ring current effect. 29, 30 Both 1D and 2D NMR spectra of foot-extracted Mfp-6 show clear signatures of a defined foot-extracted fold, even though overall peak crowding prevents detailed deconvolution ( Figure  5 ). The spectra show an expansion of the range of chemical shifts typically associated with protein folding, intense and extensive NOEs across the spectra among the backbone amide and aromatic ring protons (∼6−10 ppm) and side chain aliphatic protons (∼0−6 ppm) that are strongly indicative of a folded globular structure with a hydrophobic core ( Figure 5) . Specifically, the upfield shift of methyl peaks, typically between 0.9 and 2.2 ppm in random coil peptides, toward and beyond 0 ppm indicates tight hydrophobic packing and aromatic ring contacts that likely involve the 18−20 tyrosine residues in the protein. 29 Furthermore, the spread of amide protons outside the 8.0−8.5 ppm region is typical of a protein with a footextracted fold formed with a significant presence of amiderelated H-bonds. 28, 29 The downfield shifts of some Cα protons to the 4.8−6.0 ppm region from a typical 4.0−4.8 ppm range in random coil peptides indicate the presence of β-sheet structure in the foot-extracted Mfp-6 protein. The additional presence of α-helical structure is shown by strong amide NH−NH proton NOEs, 29 but the relatively smaller number of strong NH−NH NOEs as compared to the NOEs in the β-strand regions suggests that on average the β-sheet content is more prominent than the α-helical content. Few, if any, of these features exist in recombinant Mfp-6, indicating much less secondary structure ( Figure S6B) . Overall, the data suggest that the foot-extracted Mfp-6 protein exhibits a well-defined structure primarily with β-strands and a low helical content and that this structure persists in the presence of DPPH (Figure S7A,B) .
■ DISCUSSION
In contrast to other Mfps, which are intrinsically unstructured, Mfp-6 exhibits secondary structure and has significant reducing activity toward the redox sensor DPPH over a broad pH range, with the fastest reaction kinetics occurring close to the pH of seawater (∼8.2). The increasing rate of DPPH reduction from low to high pH is accompanied by a change in the solubility of the protein, with facile precipitation of Mfp-6 at pH 7.5 and perhaps cross-link formation ( Figure S8 ). Recombinant Mfp-6, which has little to no secondary structure and no DOPA, also reduces DPPH, but the rates and redox capacity are both lower by half. Combined CV and DPPH reaction kinetics and stoichiometry with Mfp-6 and its recombinant DOPA-less homologue (rMfp-6) were described to provide a better understanding of redox cycling outside of living cells.
On the basis of combined carboxymethylation and thiolate titration of Mfp-6 with Ellman's reagent, Yu et al. 5 earlier suggested that Cys residues are the major contributors to Mfp-6 reducing activity even at acidic pH and must therefore have unusually low pK a s. Given the unprecedented Gly-, Lys-, Tyr-, and Cys-rich composition of Mfp-6, it is unclear how such low Cys pK a s are achieved. Comparisons to other redox protein sequences are interesting, but their relevance is premature. Strategies for lowering Cys pK a (typical pK a of 8−9) in wellknown redox proteins include nesting in Lys-or Arg-rich sequences and the use of electron-withdrawing effects. 31 Buried Cys in a folded protein can also be shielded and controlled by aryl−thiol interactions, e.g., between tyrosines and cysteines, as is known for Tyr84 and Cys34 in human albumin. 32 The strong remaining reducing activity following Cys amidomethylation in Mfp-6 and the 17 equiv of DPPH reduced per foot-extracted Mfp-6 (Table S1 ), however, indicate that reducing groups besides Cys exist. At pH 7.5, this reservoir undergoes autoxidation before being able to contribute to DPPH reduction, thereby decreasing the reducing capacity of Mfp-6. The DOPA-deficient recombinant Mfp-6 also has a lowered reducing capacity. A strategic DOPA oxidation potential is readily evident in cyclic voltammograms of Mfp-6 at E ox + 0.329 V (pH 3) (Figure 4 ) and is typically associated with catechols including DOPA. 33 However, DOPA is usually identified with mussel adhesion, so its presence in Mfp-6 is puzzling. Mfp-6 exhibited no adhesion to mica, 5 suggesting that DOPA in Mfp-6 may be adapted for other functions such as redox cycling. The fact that DOPA and AM-Mfp-6 both reduce DPPH supports the reservoir hypothesis, but the Mfp-6 DOPAs are corralled in a special nonadhesive environment or conformation.
Why does Mfp-6 need a reducing resource beyond the nine thiolates? There is no compelling answer to this at present. DOPA in Mfp-6 could be involved in electron tunneling or serve as an alternative sacrificial antioxidant that is easily (ΔE o = 0 V) recycled by thiolates:
The reverse, that is, reduction of disulfides by DOPA, however, has a similar ΔE o :
Thus, even though DOPA reduces the redox sensor DPPH, 34 it is less strongly reducing than the antioxidant thiolates and roughly equal in redox to the catechols undergoing oxidation in Mfp-3 ( Figure 6 ). DOPA may be even better adapted in Mfp-6 as a cross-linker ( Figure S8 ) than as a reservoir for reducing disulfides; however, the relationship between cross-links and antioxidants is a tangled one, and there are many instances in which a kinetically favored reaction is not the same one predicted by thermodynamics. As suggested previously, 10 a known intermediate in the thiolate reduction of Dopaquinone is a thiol−DOPA adduct that tautomerizes to 5-S-cysteinyl-DOPA. These cross-linking adducts get trapped and accumulate as the thiolates are depleted and have been detected in insoluble plaques. 11 The Mfp-6 oligomers that form at pH 7.5 ( Figure S5 ) may be cross-linked by 5-S-Cys-DOPA, but this has yet to be proven. In any case, 5-S-Cys-DOPA cross-links remain redox-active, with an oxidation potential of ∼50 mV at pH 7, 35 making them more reducing than DOPA.
The 1D and 2D proton NMR spectra of Mfp-6 at pH 3 provide evidence that this protein has a well-defined domain with a hydrophobic core and extended β-sheets ( Figure 5 ). Even when Mfp-6 was saturated with DPPH (at molar ratios of 1:50), the resulting 2D NOESY spectra indicate that the overall structure of Mfp-6 was conserved ( Figure S6 ). Although the analysis is incomplete, the β-sheet fold may be bifunctional, offering, on one hand, a blueprint for self-assembly already widely associated with the β-sheet-rich amyloid fibrils 34 and the cysteine and β-sheet-rich β-keratins 36 and, on the other, a structure conducive to electron shuttling as in α-crystallins. 37−39 Perhaps Mfp-6 solubility at low and high pHs can be tuned by constructing mutants consisting of only one of the putative domains or by truncation experiments. Investigative aims such as these must await successful expression of recombinant Mfp-6 homologues with higher fidelity to foot-extracted structure. 40 Eventual determination of Mfp-6 crystal structures under different pH conditions will help us understand how Mfp-6 undergoes the transition from a chemically reactive globular protein with bulky and reactive side chains, including cysteine, tyrosine, and DOPA, to a load-bearing structural protein that mediates H-bonded or cross-linked tight packing in the mature plaque matrix.
In conclusion, the catecholic moiety of DOPA has been previously shown to endow polypeptides with wet adhesion by chemisorbing to a variety of oxide surfaces, e.g., titania and mica, by bidentate chelation and/or H-bonding. 5, 8 Once DOPA is oxidized to quinone, however, Mfp adhesion is effectively abolished on all but nucleophilic surfaces, where the Dopaquinone still has a cross-linking option with other proteins, for example. Mussels retard oxidation by depositing Mfp-3 and Mfp-5 under acidic conditions where the catecholic form of DOPA is favored. 10 However, a low plaque pH can be only briefly maintained in an adhesive plaque surrounded by seawater at pH 8.2, and surface binding by DOPA needs time to overcome the conformational entropy of the Mfps. An antioxidant DOPA salvage mechanism may function to increase the size of the window for surface binding. Mfp-6 contains a reservoir of reducing electrons capable of recovering DOPA in Mfp-3 from the quinone. These results confirm that at least nine Cys thiols in Mfp-6 participate in the reduction of quinones 41 but suggest that up to eight additional electrons may be provided by four hostage DOPA residues in Mfp-6 that are not available for adhesion ( Figure 6 ). This means that although pristine Mfp-6 is not an enzyme, each protein is capable of approximately eight quinone to DOPA turnovers. The estimate is a minimum as cysteinyl−DOPA adducts continue to possess reducing capacity, though their reducing power is lower than that of thiols. 35 The reducing and low-pH conditions imposed during plaque deposition are unlikely to last very long after the foot retracts, given equilibration of the plaque with ambient seawater at pH ∼8 and E o = 0.7 V (SHE). The question is how long. Recent live mussel studies suggest that plaques remain reducing even after 21 days in seawater. 42 How mussels contrive to maintain such a long lasting reducing environment in plaques with limited reservoirs and no enzymes, ATP, or NADH remains an important question for science and technology.
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